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A series of large-scale molecular dynamics simulations were carried out to investigate the interactions
between an extended edge dislocation (1/2o1124{111}) and nanoscale domains in pure nickel. The
pinning strength of nano-domains and the corresponding atomistic interaction mechanisms were found
to be closely related to the domain boundary type, the domain size and spacing. The pinning strengths
were found to be higher for high-angle domains than those for low-angle domains at the same size scale,
and increase with increasing domain size and decreasing domain spacing. Unlike the by-pass via in-
teractions between the dislocation and boundaries for high-angle domains (much like the role of hard
precipitates in alloys), the dislocation was found to cut partly through the low-angle domains. Thus the
dragging force from the boundary segments of the low-angle domains should be smaller when compared
to the Orowan's strengthening for “hard particles”, such as high-angle domains. The predictions from
Ashby's model on Orowan's strengthening are higher than the simulation data for low-angle domains,
while agree relatively well with those for high-angle domains. Moreover, a more universal model was
proposed to connect the dislocation line shape at the critical shear strain with the pinning strength.
& 2015 Elsevier B.V. All rights reserved.1. Introduction
Superior strength–ductility synergy has always been the pur-
suit of materials scientists and engineers for structural applica-
tions. However, this is not a easy task since strength and ductility
are mutually exclusive in general [1–7]. Due to the well-known
Hall–Petch effect of grain boundary (GB) strengthening, the yield
strength of ultraﬁne-grained (UFG) and nanocrystalline (NC) me-
tals can be enhanced several times over that of coarse-grained
(CG) counterpart [3,5–7], however their uniform tensile elonga-
tions are typically low. This is because dislocations are readily
annihilated by abundant GBs, and dislocation interactions and
storage of dislocations become difﬁcult in grain interior due to the
limited room by structural reﬁnement [7,8]. Several strategies
with microstructures at the nanoscale have been attempted to
evade such strength–ductility dilemma recently, such as, bimodal
grain size distribution, engineering coherent twin boundaries
(TBs) at the nanoscale, nano-precipitate dispersion and gradient
nano-grained structure [1,9–19].
A defect engineering strategy to resolve such strength–ductility
trade-off paradox in pure nickel was described in our recent work
[20], where a yield strength of 1.3 GPa together with a uniformtensile elongation of 27% was observed. Thus, a dream combi-
nation from two extreme worlds was achieved in the nano-do-
mained Ni: not only as strong as nanocrystalline Ni but also as
ductile as coarse-grained Ni. Spread-out distributions of nanoscale
domains (ranging from 3 to 12 nm in size) with the volume frac-
tion of only a few % were architected inside the UFG pure Ni grains
by a pulsed electrodeposition procedure [20]. The pre-planted
nano-domains can play dual roles: on one hand, nano-domains
block dislocations effectively, just like precipitates for Orowan
strengthening in alloys [21–23]; on the other hand, with ample
space in the grain interior due to the low volume fraction of nano-
domains, the domain boundaries can also be effective dislocation
sources and trapping sites of running dislocations for efﬁcient
dislocation multiplication and storage in the grain interior, re-
sulting in a pronounced strain hardening rate to sustain large
uniform elongations.
Large-scale molecular dynamics (MD) simulations have proven
to be particularly useful and been widely used to investigate de-
tails of atomistic interaction mechanisms between dislocations
and various types of defects, such as voids, precipitates and Gui-
nier–Preston (GP) zone in different metal and alloys [24–34]. In
such simulations, the motion of a dislocation can be driven by
applying shear strain or stress on the surfaces of the MD simula-
tion units, and the critical resolved shear stress (CRSS) for unpin-
ning can be easily calculated [30–32]. These studies indicated that
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Fig. 1. (a) Conﬁguration for simulation cell with a straight edge dislocation and two nano-domains; (b) Simulated shear stress–shear strain curves for four different
conﬁgurations with low-angle/high-angle domains and various orientations (d¼7.2 nm, L¼20.70 nm). (For interpretation of the references to color in this ﬁgure, the reader
is referred to the web version of this article.)
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Fig. 2. A sequence of snapshots at different shear strains showing the pinning of the dislocation, its interaction with the nano-domains and its subsequent breakaway:
(a) low-angle nano-domains (6°) rotated about the X axis; (b) high-angle nano-domains (90°) rotated about the X axis; (c) low-angle nano-domains (6°) rotated about the Y
axis; (d) high-angle nano-domains (90°) rotated about the Y axis.
F. Yuan, X. Wu / Materials Science & Engineering A 648 (2015) 243–251244the interactions can be very complex due to the variety of inter-
acting mechanism, and the CRSS was found to be size-dependent
[24–34]. In our previous reported heterogeneously architected Ni
with nanoscale domains [20], the domain size was varied from 3 to
12 nm and the domain spacing was varied from several nm to tens
of nm although an average domain size of 7 nm and an average
domain spacing of 20 nm were realized. Although most of do-
main boundaries were low-angle boundaries (o15°), a smallfraction of high-angle domain boundaries also exist. There is
clearly a lack of understanding of the effects of the domain
boundary type, the domain size and spacing on the atomistic in-
teraction mechanisms with dislocations. In this regard, a series of
large-scale MD simulations were carried out in the present study
to investigate dislocation-domain interactions in Ni, focusing on
the effects of several factors mentioned above on the pinning
strength and the dislocation line shape at the critical shear strain.
0.20% 0.60% 1.10% 0.20% 0.90% 1.30%
0.20% 0.60% 0.80% 0.20% 0.60% 1.20%
new 
disl
new 
disl
new 
disl
new 
disl
GB
segment
GB
segment
disl
wall
disl
wall
kink
kink
kink
kink
Fig. 3. A sequence of snapshots of thin slices at different shear strains showing the details of interactions between the dislocation and nano-domain: (a) low-angle nano-
domains (6°) rotated about the X axis; (b) high-angle nano-domains (90°) rotated about the X axis; (c) low-angle nano-domains (6°) rotated about the Y axis; (d) high-angle
nano-domains (90°) rotated about the Y axis.
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The MD simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code.
The force calculations between atoms were achieved by a Ni EAM
potential developed by Mishin et al. [35]. In order to study the
interaction of a straight edge dislocation with nano-domains, the
simulation cells (Fig. 1a) with a perfect fcc Ni lattice, bounded by
( 110[¯ ]), ( 111[ ]) and ( 112[ ¯ ]) faces in the X, Y and Z directions re-
spectively, were ﬁrst constructed. An edge dislocation with the
burgers vector of b 1/2 110= [¯ ]
→
, was created in the center of the
simulation cells (X¼Y¼0), with the line direction parallel to the Z
axis, using the continuum displacement ﬁeld [31]. Then the nano-
domains were created by rotating the corresponding spherical
domains with respect to their equators about X or Y axis for 6°
(low-angle domains) or 90° (high-angle domains). Two nano-do-
mains with diameters of 3.6–12 nm were created in each cell se-
parated by distances of 10.35–31.04 nm (half length along Z axis).
The cell size was 69.6920.7362.09 nm3 and contained roughly
8.3 million atoms for domain spacing of 31.04 nm. Periodic
boundary condition was imposed in the Z direction, while X di-
rection was set to be free boundary condition. The cells were di-
vided into three regions in Y direction, consisting of a freely mobile
section and two thin rigid blocks (upper and downer, wherein the
atoms were ﬁxed in their positions) as boundary planes for ap-
plying shear displacement. Prior to shear loading, the as-created
samples were ﬁrst subjected to energy minimization by theconjugate gradient method, then the Nose/Hoover isobaric–iso-
thermal ensemble (NPT) was performed for 100 ps to ﬁnally relax
the samples under both the pressure 0 bar (along the Z direction)
and the desired temperature (1 K). After relaxation, the cells were
then loaded in shear by subjecting the atoms in the upper and
downer rigid blocks to a constant velocity in the X direction, giving
a shearing strain rate of 1 10 /s8× and driving the dislocation for
movement toward nano-domains. In all cases, nano-domains were
positioned so that the slip plane of the dislocation would intersect
their centers. In order to visualize the interacting sequences,
common neighbor analysis (CNA) was used. Gray color is for per-
fect fcc atoms, red color is for hcp atoms and green color is for GBs,
dislocation core, free surface and other atoms [36].3. Results and discussions
3.1. Effect of domain boundary type on the strengthening
When considering the effect of domain boundary type, the
domain size and spacing were ﬁxed at 7.2 nm and 20.7 nm, re-
spectively. Four different domain boundary types were considered
here, i.e., low-angle boundary rotated about X axis (type I), high-
angle boundary rotated about X axis (type II), low-angle boundary
rotated about Y axis (type III) and high-angle boundary rotated
about Y axis (type IV). One of {111} planes for the domains is
consistent with the slip plane of the edge dislocation when
ln (d/2b)
)a
P
G(
sserts rae hs lac iti rc
ehT
1.5 1.8 2.1 2.4 2.7 3 3.3 3.6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
Simulated data
Ashby's model
τ c
)a
P
G(
s se rts rae hs lac iti rc
ehT
τ c
d = 5.4 nm
d = 3.6 nm
d = 7.2 nm
d = 9.0 nm
d = 12 nm
Low-angle, L = 20.7 nm
ln (d/2b)
1.5 1.8 2.1 2.4 2.7 3 3.3 3.6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
Simulated data
Ashby's model
d = 5.4 nm
d = 3.6 nm
d = 7.2 nm
d = 9.0 nm
d = 12 nm
High-angle, L = 20.7 nm
Shear strain (%)
Sh
ea
r s
tr
es
s 
(G
Pa
)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
d = 3.6 nm
d = 5.4 nm
d = 7.2 nm
d = 9.0 nm
d = 12 nm
Low-angle, L = 20.7 nm
Shear strain (%)
Sh
ea
r s
tr
es
s 
(G
Pa
)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
d = 3.6 nm
d = 5.4 nm
d = 7.2 nm
d = 9.0 nm
d = 12 nm
High-angle, L = 20.7 nm
Fig. 4. Simulated shear stress–shear strain curves for different conﬁgurations with ﬁxed L (L¼20.7 nm) and various d: (a) low-angle domains; (b) high-angle domains. The
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different from the slip plane of the edge dislocation when rotating
about X axis. The shear stress and shear strain could be calculated
by the following equations:
f
A 1xy
rigidτ = ( )
t t
h 2
upper downer
mobile
γ =
+
( )
where frigid is the average force acting on the upper/downer rigid
blocks in the X direction, A is the surface area of the upper/downer
rigid block, tupper and tdowner are the displacements of the upper and
downer rigid blocks respectively, hmobile is the height of the mobile
block along the Y direction.
Simulated shear stress–shear strain curves for four different
domain boundary types during the interaction of the dislocation
with nano-domains are presented in Fig. 1b. The shear stress is
observed to increase ﬁrst with increasing shear strain due to the
strengthening effect of nano-domains for dislocation motion,reach a peak at the critical shear strain for unpinning moment and
then drop with further shear strain attributed to the release of the
dislocation from nano-domains. The CRSS could be obtained in
Fig. 1b by the breakaway moment of the dislocation from nano-
domains, identiﬁed by visualization in Fig. 2 later. It is shown that
the CRSS of the high-angle domains is higher than that of the low-
angle domains, and larger CRSS value is observed for the cases
rotating about X axis compared to the cases rotating about Y axis.
The domain boundary type effect on the corresponding inter-
action sequences and the critical dislocation line shapes will be
discussed here. Snapshots at different shear strains showing the
pinning of the dislocation, its interactions with the nano-domains
and its subsequent breakaway, are presented in Fig. 2. As indicated
in the simulation details, the samples were relaxed via energy
minimization and followed by relaxation under NPT ensemble
before shear loading. The relaxation allows the full dislocation,
which was initially created using the continuum analytic dis-
placement ﬁeld, to relax into two partial dislocations separated by
a stacking fault with a distance of about 2 nm (Fig. 2). When the
shear strain was applied, the following interaction sequences were
revealed: (i) the dislocation initially glides toward the nano-do-
mains; (ii) the dislocation interacts with the nano-domains and is
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incident dislocation line to bow in between them; (iv) ﬁnally, the
breakaway of the dislocation happens when the applied shear
stress reaches the CRSS. At the breakaway moment, the domain
boundary type is found to have a strong inﬂuence on the curvature
of the dislocation line (Fig. 2), which could be considered as the
pinning ability of the nano-domains. The curvature of the dis-
location line could be described by the bowing parameter of ρ/s,
where ρ is the bulging in distance and s is the width for two
pinned arms. The bowing parameter (ρ/s) of the high-angle do-
mains is found to be higher than that of the low-angle domains,
and larger value of ρ/s is observed when rotating about X axis
compared to Y axis. This is consistent with the inﬂuence of the
domain boundary type on the CRSS, as shown in Fig. 1a.
Thin slices along the Y direction (0.3 nmoYo0.3 nm) were
used in order to show the details for the domain boundary type
effects on the atomistic interaction and pinning mechanisms. Then
snapshots with thin slices at different shear strains are presented
in Fig. 3. Since the misorientation angle is small (6°) for the low-
angle domains rotated about the X axis (type I), the boundaries are
split into several boundary segments and discontinuous. Thus the
incoming dislocation can only be pinned by the boundary seg-
ments, and some part of the incoming dislocation can cut into the
nano-domains once the incoming dislocation hits the nano-do-
mains of type I. In this regard, as compared to the Orowan's
strengthening for “hard particles” [21,29,32], the dragging force
and the pinning strength from the boundary segments should be
smaller. For the low-angle domains rotated about the Y axis (type
III), the boundaries are actually dislocation walls consisting a
group of dislocations. Since the slip plane of the edge dislocation is
also one of {111} planes for the domains of type III, the dislocation
can almost cut into the nano-domains when hitting them and is
only dragged by several dislocations in the dislocation walls, re-
sulting in an even smaller pinning strength when compared to the
domains of type I. When the dislocation hits the high-angle nano-
domains (type II and type IV), different from the cases of the low-angle nano-domains (type I and type III), the incoming dislocation
deposits itself along and interacts with the boundary surfaces of
nano-domains. This interaction mechanism is qualitatively similar
to Orowan looping for “hard particles” [21], which should require
higher CRSS values and pinning strength compared to the low-
angle domains (type I and type III). Moreover, the CRSS is observed
to be higher in the nano-domains of type II than in the nano-do-
mains of type IV since the slip plane of the edge dislocation is also
one of {111} planes for the domains of type IV, which resulting in
lower dragging force for type IV. As shown in Fig. 3b and d, new
dislocations are also observed to nucleate from the boundary
surfaces of nano-domains (type II and type IV), which creates
kinks in the arms of the curved dislocation during the interacting
process. This kink formation should also result in higher CRSS
values and pinning strength for dragging the dislocation.
3.2. Effects of the domain size and spacing on the strengthening
When considering the effects of domain size and spacing, the
domain boundary types were all rotated about the X axis. First, the
effect of domain size on low-angle nano-domains and high-angle
nano-domains were considered, and the domain spacing was ﬁxed
at 20.7 nm. Fig. 4a and b shows the simulated shear stress–shear
strain curves for different nano-domains with various domain si-
zes (d). The CRSS can be obtained from these curves, and then the
inﬂuences of the domain size on the CRSS are plotted in Fig. 4c and
d. It is observed that the CRSS increases with increasing domain
size (d). In the MD simulations, Peierls stress is required to activate
gliding of the dislocation before hitting the nano-domains, how-
ever the Peierls stress for our situation is very small (o20 MPa)
and negligible compared to the CRSS values. So the CRSS values
measured from Fig. 4a and 4b can be considered as the elevation in
shear strength due to the nano-domain strengthening.
In alloy with “hard particles”, the particles can act as strong
obstacles to dislocation movements for precipitation strengthen-
ing, also so called Orowan strengthening. This strengthening is
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F. Yuan, X. Wu / Materials Science & Engineering A 648 (2015) 243–251248closely related to the critical dislocation line shape when bowed
around the particles, and the elevation in strength strongly de-
pends on the average particle diameter d and the average inter-
particle spacing L, and can be estimated for ﬁne particles using
Ashby's model [21],
Gb
v L
d
b2.38 1
ln
2 31/2
σ
π
Δ =
( − )
( )
( )
where G is the shear modulus (76 GPa for Ni), b is the Burgers
vector (0.2489 nm for Ni), and v is the Poisson's ratio (0.3 for Ni).
Fig. 4c and d shows the CRSS as a function of ln(d/2b), along
with the predictions from Eq. (3), for low-angle domains and high-
angle domains respectively. It is clearly shown that the simulation
data for low-angle domains are below the predictions from Ash-
by's model. This is because the low-angle domains are not like
second phase “hard” particles, the dislocation hitting them can
partly cut into the nano-domains, attenuating the CRSS for un-
pinning. While the high-angle domains are “harder”, and the
dislocation hitting them deposits itself along the boundary sur-
faces and bulges in between domains without penetration. Thus,
the simulation data for the high-angle domains are observed to
agree much better with the predictions from Ashby's model, al-
though the predictions are also observed to be lower than thesimulation data for the high-angle domains with sizes above
9.0 nm, and higher than those for the high-angle domains with
sizes below 9.0 nm.
The simulated conﬁgurations at the critical shear strain show-
ing the breakaway curvature for different conﬁgurations with ﬁxed
L (L¼20.7 nm) and various domain sizes d (low-angle domains
and high-angle domains) are shown in Fig. 5. It is clearly shown
that the dislocation line is severely bended under the shear stress,
and the width s for two pinned arms and the bulging in distance ρ
can be measured from these line shapes. The effect of domain size
on the appearance of the critical dislocation line shapes is clearly
indicated in Fig. 5. It is observed that the width s for two pinned
arms decreases, while the bulging in distance ρ increases drama-
tically, with increasing domain size. Therefore, the curvature
parameter ρ/s is observed to increase with increasing domain size,
resulting in increasing CRSS values.
When effects of domain spacing on the CRSS and the critical
dislocation line shapes were investigated, and the domain size was
ﬁxed at 7.2 nm. Fig. 6a and b shows the simulated shear stress–
shear strain curves for different conﬁgurations with various do-
main spacing L for low-angle nano-domains and high-angle nano-
domains, respectively. The CRSS is observed to increase with de-
creasing domain spacing L. The CRSS for the unpinning of the
dislocation from the nano-domains as a function of 2b/L is plotted
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F. Yuan, X. Wu / Materials Science & Engineering A 648 (2015) 243–251 249in Fig. 6c and d, together with the predictions from Eq. (3). Again,
it is shown that the simulation data for high-angle domains agree
well with Ashby's model, while the simulation data for low-angle
domains are much below Ashby's prediction. This is because the
high-angle domains are like “hard particles” while the dislocationcan partly cut into the low-angle domains.
Fig. 7 shows the simulated conﬁgurations of the critical
breakaway curvatures for different conﬁgurations with ﬁxed d
(d¼7.2 nm) and various L (low-angle domains and high-angle
domains). The effect of domain spacing on the appearance of the
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F. Yuan, X. Wu / Materials Science & Engineering A 648 (2015) 243–251250critical dislocation line shapes can be clearly analyzed in Fig. 7. The
width s for two pinned arms is shown to increase dramatically and
the curvature parameter ρ/s is observed to decrease with in-
creasing domain spacing, resulting in decreasing CRSS values.
In the above discussions, it is indicated that the simulation data
deviate more or less from Ashby's model, especially for the low-
angle domains. However the CRSS is also indicated to be closely
related to curvature parameter ρ/s at the critical line shapes, as
shown in Fig. 8a. In regard of this, we propose a more universal
model, which connects the dislocation line shape at the critical
shear strain with the CRSS. As shown in Fig. 8b, the CRSS is linearly
proportional to the curvature parameter ρ/s, regardless of domain
boundary type, domain size and spacing. This can also be easily
understood since the pinning strength should be directly de-
termined by how the nano-domains can drag the dislocation,
which is the exactly the critical line shape.
Fig. 9 shows the engineering stress–strain curves for the elec-
trodeposited UFG Ni with and without nano-domains. The ex-
periment details can be seen elsewhere [20]. The grain size of the
electrodeposited UFG Ni is around 150 nm, and the domain size is
varied from 3 to 12 nm (with average domain size of 7.2 nm) and
the domain spacing is varied from several nm to tens of nm (with
average spacing of 20.7 nm). The domain boundaries are com-
posed of most low-angle boundaries with a small fraction of high-
angle boundaries. As shown in the Fig. 9 from experiments, the
uniaxial tensile yield strength elevation by the nano-domains due
to the pinning effect is around 0.6 GPa, which can be converted to
the shear strength elevation of 0.35 GPa based on von Mises
criterion. Our simulation results show that the CRSS for the pin-
ning effect is varied from 0.39 to 0.69 GPa for domains with dif-
ferent types when taking d¼7.2 nm, L¼20.70 nm, as shown in
Fig. 1b. It is noted that the experimental shear strength elevation
(0.35 GPa) is at the lower bound of the simulated shear strength
elevations (0.39–0.69 GPa), which could be due to the high strain
rate effect by the inherent limitations in MD simulations [24–34].
It also should be noted that in the real polycrystalline samples not
all of incoming dislocations can overcome the nano-domains due
to different orientations and Schmid factors. Some incoming lat-
tice dislocations bulge in and get trapped between the nano-do-
mains and entangle with the dislocations emitted from nano-do-
main boundaries, and even more dislocations could be generated
when they interact with each other. The dislocation accumulationaround nano-domains can be observed in the Bright-ﬁeld TEM and
HREM pictures obtained from the experiments after tensile testing
in our previous paper [20], in which the dislocations with ends
trapped by nano-domains can be clearly seen. Thus dislocation
movements in subsequent deformation can be impeded by the
accumulating dislocations in the grain volume, resulting in for
enhanced strain hardening. The nano-domains thus can serve the
dual purposes of (i) impeding the motion of dislocations (elevating
strength) as discussed in the present study and (ii) facilitating
their interaction and accumulation for increased dislocation ac-
tivities (resulting in strain hardening). These dual purposes can
result in a combination of extraordinary strength and ductility at
the same time, setting the nano-domained nickel [20] apart from
all previous (from coarse-grained all the way to nanocrystalline)
nickels with a homogeneous grain structure [37–43].4. Concluding remarks
The interaction of an extended edge dislocation (1/2o1124
{111}) with nano-domains in nickel with size up to 12 nm and
spacing up to 31 nmwas investigated by a series of large-scale MD
simulations. The key ﬁndings are summarized as follows:
(1) The CRSS of the high-angle domains was found to be higher
than that of the low-angle domains, and larger CRSS value was
observed when rotating about X axis instead of Y axis. the
dislocations were observed to cut partly through the low-an-
gle domains, while by-pass via interactions between the dis-
locations and boundaries was observed in high-angle
domains.
(2) Domain size and spacing were found to have strong inﬂuences
on the CRSS for breakaway of the dislocation from the nano-
domains. The simulation data for high-angle domains were
observed to agree relatively well with the perdictions from
Ashby's model on Orowan's strengthening [21], while the
perdictions were shown to be higher than those for low-angle
domains.
(3) The CRSS was also found to be closely related to curvature
parameter ρ/s for the critical dislocation line shapes, regard-
less of domain boundary type, domain size and spacing. A
more universal model was also proposed to connect the dis-
location line shape at the critical shear strain with the pinning
strength. the present results should provide insights of tai-
loring defect engineering by nano-domains in metals for en-
hanced mechanical properties.Acknowledgments
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